The objective was to determine self-adjusted output response and speech intelligibility index (SII) in individuals with mild to moderate hearing loss and to measure the effects of prior hearing aid experience.
INTRODUCTION AND PURPOSE
User self-fitting of amplification has been suggested as a way to improve hearing healthcare for persons with hearing loss who are unable to access services or who are unable to afford them (Convery et al. 2011) . A self-fitting hearing aid has been described as an aid "that can be fitted and managed entirely by the user" (Convery et al. 2011, p. 1) . That is, the user completes the entire process without help, including assembly and operation of the device, assessment of hearing thresholds, and adjustment of amplification parameters. The present study examines only one part of the self-fitting process: user self-adjustment of basic amplification parameters-which will be referred to as "self-adjustment" for the remainder of this report. In other words, "self " refers, here, to the user and not to the aid.
One approach to self-adjustment is a paired-comparison procedure in which users select from two alternative hearing aid settings. The efficacy of this type of user-driven procedure for comparison and selection of hearing aid characteristics is well documented (e.g., Keidser 1995; Keidser et al. 2005; Kuk & Lau 1995; Levitt et al. 1986 Levitt et al. , 1987 Neuman et al. 1987) . Manufacturers have incorporated basic paired comparisons in hearing aid fitting software for more than a decade as a tool for fine tuning after initial fitting by a hearing professional. The time requirements of the procedure, however, may limit its practical application for self-adjustment (Kuk & Pape 1993) .
A second approach involves self-adjustment of amplification characteristics such as overall level, frequency response, and compression parameters. Recent studies have documented the viability of self-adjustment using prescription-based starting responses determined from audiometric thresholds (Dreschler et al. 2008; Keidser & Alamudi 2013; Keidser et al. 2008a; Mueller et al. 2008; Zakis et al. 2007 ). In general, listeners have been found to select somewhat less gain than is prescribed, with smaller deviations observed for the newer NAL second nonlinear threshold-based prescription (NAL-NL2) (Keidser & Alamudi 2013; Zakis et al. 2007 ). In studies that included variations in the starting level/response, users tended to select less amplification when the starting response was below prescribed target than when the starting response was at or above prescribed targets (Dreschler et al. 2008; Keidser et al. 2008a; Mueller et al. 2008) . For example, Mueller et al. (2008) reported that users selected 8 to 9 dB less gain when starting levels were 6 dB below NAL-NL1 targets than when they were 6 dB above targets. In addition, users tended to select less high-frequency gain when its starting level was above targets than when it was below (Keidser et al. 2008b) .
The observation that lower starting responses or steeper frequency response slopes relative to the prescribed response may result in lower user-selected output (and audibility) supports the use of an individualized threshold-driven response as a starting point for self-adjustment. Automated threshold determination is generally feasible (see Mahomed et al. 2013 for review). Convery et al. (2015) , however, reported that only 58% of their participants (66 to 90 years of age) could obtain a complete bilateral hearing assessment when the testing was entirely self-directed. These findings suggest that a direct-toconsumer hearing aid delivery model that requires independent threshold determination by the user may not be viable for some older people.
The primary goal of the study reported here was to determine the feasibility and outcome of an alternative self-adjustment approach that includes a generic starting response designed for a mild to moderate hearing loss and similar to that of current personal sound amplification devices. Self-adjustment from a generic starting response based on a common pattern of hearing loss may provide adequate audibility for a substantial proportion of users without requiring self-determination of thresholds. Given the recent emergence of self-adjustment features in direct-to-consumer amplification products and smartphone hearing-amplification applications, including some that do not include threshold determination, further work in this area is warranted (see Keidser & Convery 2016 for review) .
A secondary goal of the study was to determine the effects, if any, of hearing aid experience on self-adjusted output and audibility. To date, the amount of hearing aid experience has not been cited as a significant factor in users' selection of gain (e.g., Dreschler et al. 2008) or overall success with a self-fitting process (Convery et al. 2017) . Most studies examining direct user adjustment, however, have not included a substantial number of nonusers. Given the evidence that new hearing aid users tend to prefer less gain than experienced users , further examination of this factor within the context of self-fitting is warranted.
The present article is the second in a series of two articles arising from this work. In the previous article, we described users' interactions with the "Goldilocks" self-fitting software that is designed to allow systematic self-adjustment of volume, and response curve while listening to speech, and which incorporates a speech perception test (Boothroyd & Mackersie 2017) . All of the participants successfully completed the adjustment procedure, although 6 participants (23%) needed a little help getting started. As noted in the earlier article, this help simply consisted of pointing to the "start button" or encouraging exploration of the adjustments. Participants who had never worn hearing aids were slower than experienced users to complete an initial self-adjustment but were as fast as experienced users during a second self-adjustment. That article reported only on the numerical software selections made by the participants. The present article converts those data into real ear estimates of output response and speech intelligibility index (SII) to address several research questions.
When adults with mild to moderately severe hearing loss are given the opportunity to explore and select output level and spectrum while listening to prerecorded speech in quiet:
1. How do the self-adjusted level, spectrum, and SII compare with those provided by a generic starting response? 2. How do the self-adjusted level, spectrum, and SII compare with those provided by the NAL-NL2? 3. Does hearing aid experience affect the outcome? 4. Does the inclusion of a speech perception test affect outcome? 5. How do self-adjustments made by hearing aid users compare to their existing hearing aids?
METHODS

Participants
Institutional Review Board approval was obtained by San Diego State University before beginning data collection. Twentysix adults participated (11 men and 16 women). Thirteen participants were experienced hearing aid users (5 men and 8 women). The other 13 had no hearing aid experience (6 men and 7 women). Sample sizes were based on group SDs from a pilot study. It was estimated that 13 participants in a group would enable us to demonstrate, with 95% confidence, medium-sized group differences: in overall output level of 5.3 dB; in SII of 5.4% points; and in word recognition (at around 90%) of 1.1% points.
The age range of the hearing aid users was 60 to 88 years old with a mean of 74 years. The age range of the nonusers was 52 to 89 years old with a mean of 72 years. All participants had scores on the Montreal Cognitive Assessment (MoCA) of 21 of 30 or higher (Nasreddine et al. 2005) . For the hearing aid users, MoCA scores ranged from 21 to 30 with a mean of 27. For the nonusers, MoCA scores ranged from 22 to 30 with a mean of 26. Individual participant information (e.g., thresholds, ages, MoCA scores, sex) is provided in the Table (Supplemental Digital Content 1, http://links.lww.com/EANDH/A459).
Three-frequency average hearing loss (at 0.5, 1, and 2 kHz) for the hearing aid users ranged from 27 to 68 dB with a mean of 41 dB HL. For nonusers, the range was from 28 to 58 dB with a mean of 40 dB HL. Means and ranges of pure-tone thresholds for the two groups are shown in Figure 1 . The mean thresholds of the two groups differed by 3 dB or less from 250 to 4000 Hz. Only at 8 kHz did the group-mean difference increase to 15 dB. Even this difference, however, failed to reach the 5% level of significance because of the high within-group variance [t(24) = 1.84; p = 0.08].
There was no evidence that the two groups differed significantly in terms of sex, mean age, mean threshold at any frequency, or mean MoCA score. It should be noted from Figure 1 , however, that the range of thresholds was greater for the hearing aid users.
Self-Adjustment Software
Custom self-fitting software was developed to provide the user with touch screen control of three properties of the output while listening to speech. The properties were labeled "Loudness," "Crispness," and "Fullness."
• Loudness changed the overall coupler output from 60 to 100 dB SPL in 11 steps with intervals of 3.6 dB.
• Crispness increased spectral slope between 1 and 4 kHz from 0 to 8 dB per octave in four steps with intervals of 2 dB per octave.
• Fullness attenuated frequencies below 500 Hz from 0 to 20 dB in four steps with intervals of 5 dB.
The procedure and the program were named "Goldilocks." The three adjustments followed a well-established pattern of volume, treble, and bass (e.g., Dreschler et al. 2008 ). There were, however, two novel aspects of the Goldilocks protocol:
1. To facilitate learning of the associations between parameter change and the resulting sensation, users were initially presented with only one adjustment at a time. 2. To increase the influence of intelligibility on acceptance criteria, participants took a speech perception test under their first self-adjusted condition and were then allowed to repeat the self-adjustment.
More details on the software and the protocol, including on-screen instructions, can be found in Boothroyd and Mackersie (2017) .
Signal Processing
Stimuli were preprocessed to provide the desired spectra. Control of the output spectrum was accomplished in five frequency bands, with cross-over frequencies at octave audiometric frequencies. The bands were created with finite impulse response filters using DADiSP software (DSP Corporation 2015) . To avoid sharp steps in the output spectra, the slopes of the filter skirts were deliberately made low and, except for the low-frequency side of the first filter, were fairly constant in dB per octave across frequency, as shown in Figure 2A . Figure 2B shows the full range of effective gain curves provided by the software. Note that low-frequency cut (Fullness) affected only the first band while high-frequency boost (Crispness) affected only bands 3, 4, and 5. Overall amplitude (Loudness) affected all bands equally. The five levels of low-frequency cut and five levels of high-frequency boost were used to create a matrix of 25 spectra (the last step of high-frequency boost in bands 4 and 5 was lowered in an attempt to minimize peak clipping in the higher frequencies). These spectra were imposed on 100 recorded sentences to be used during user adjustment and speech perception testing. Signal processing was accomplished using DADiSP, and the preprocessed files were incorporated into the Goldilocks program. The user's adjustment of Crispness and Fullness determined the spectral shape of the speech being heard during self-fitting. The user's adjustment of Loudness controlled the gain of the computer's sound card.
Speech Materials
The speech heard during self-adjustment, and for speech perception testing, consisted of 100 short, meaningful sentences developed, spoken, and recorded by Charles Ruby for an earlier project (Ruby 2015) . Each sentence contains four monosyllabic words (e.g., "Kings wear gold crowns"). Ten sentences constitute a single set, and there are 10 sets. No word is replicated in the 400-word corpus. The sentences were recorded at a sampling rate of 44,100 Hz and 24-bit resolution but were downsampled to 22,050 Hz and 16 bits for processing and inclusion in the Goldilocks software (Boothroyd & Mackersie, 2017) .
Instrumentation
Goldilocks was installed on a Microsoft Surface Pro 3 computer (Microsoft Corporation, Redmond, WA). Audio output was taken from the computer's docking station. An Etymotic HF5 earphone (Etymotic Research, Elkgrove, IL) served as output transducer and was coupled to the test ear by closed 3-flange soft plastic ear tips. Pure-tone thresholds were determined using a Grason-Stadler GSI-61 audiometer (Grason-Stadler Corporation, Eden Prairie, MN) and Etymotic ER-5 (Etymotic Research, Elkgrove, IL) insert earphones. The Audioscan Verifit 1 (Audioscan, Dorchester, Ontario, Canada) was used to complete real ear and coupler measurements.
Procedure
The ear that best met an inclusion criterion of mild to moderately severe hearing loss was selected for the study. If both were suitable, one was selected with a view to maintaining a balance of right and left ears. The thresholds for the test ear were entered into the Verifit for computation of NAL-NL2 target outputs using a conversational speech input level of 65 dB SPL. Individual real ear output of the HF5 earphone was compared with the coupler output to provide a real ear-to-coupler difference. Real ear-aided responses were measured for the experienced hearing aid users with their existing aids adjusted to their preferred settings.
All participants began the self-adjustment process from a generic starting condition providing a coupler output level of 67 dB SPL, 10 dB of attenuation below 500 Hz, and 4 dB/octave boost above 1 kHz. This condition was selected to approximate an NAL-NL2 prescription for a typical mild to moderate hearing loss increasing from 30 to 50 dB between 500 and 2000 Hz.
During self-adjustment, a single sentence set of 10 sentences (not used for testing) was played continuously and repeatedly. No effort was made to focus the listener's attention on quality, comfort, or intelligibility. The on-screen instructions simply asked listeners to adjust each parameter "to your liking" and "push 'ok' when you are satisfied." To facilitate learning, the Loudness, Crispness, and Fullness controllers were initially presented to participants one at a time. Participants were encouraged to use the up and down arrows to explore the effects of each control. When they were satisfied, they selected the "ok" button and then the next controller appeared. After the participants made changes and pressed ok for all three controllers in isolation, they were then shown all controllers together and were given a final opportunity to make final adjustments to any or all parameters (see Boothroyd & Mackersie 2017) . After an initial self-adjustment, 30 sentences (three sets, not heard during self-adjustment) were presented under the initial self-selected conditions and participants were asked to repeat as much as they could of each one. No feedback was given, but listeners were clearly aware of any recognition difficulties. Performance was scored as the percentage of words correctly repeated. Beginning again with the generic starting condition, the selfadjustment was repeated followed by a second administration of the speech perception test with 30 new sentences.
Analysis
Each user adjustment generated three parameters that were logged for each step of the self-fitting process:
1. Volume V (in steps from 2 to 13, controlling overall level) 2. Fullness L (in steps from 0 to 4, controlling low-frequency attenuation below 500 Hz) 3. Crispness H (in steps from 0 to 4, controlling high-frequency gain slope above 1000 Hz)
These parameters were used to compute gains, in each of the five frequency bands, for three conditions: Start, Adjust 1, and Adjust 2. Gains at intermediate frequencies were estimated by interpolation. Adding the gains to the half-octave spectrum of the unprocessed speech provided estimates of the long-term average of the output speech spectrum. These data were combined with the coupler response of the output transducer and individual real ear-to-coupler differences to provide estimates of real ear output responses that could be compared with each other and with those prescribed by NAL-NL2.
For estimates of audibility, the differences between outputs at half-octave intervals and pure-tone SPL thresholds (measured or interpolated) were then weighted with a frequency-importance function and summed to generate estimates of SII. These indices were based on the American National Standards Institute formula which assumes that contributions to SII are uniformly distributed across a 30 dB amplitude range centered at the average speech level in each frequency band (ANSI/ASA R2012).
Data were analyzed using repeated-measures analyses of variance (ANOVAs). Geisser-Greenhouse corrections to degrees of freedom were applied as needed to adjust for violations in sphericity. Newman-Keuls post hoc tests were used to analyze significant main effects and interactions. Figure 3 shows group-mean real ear output levels, in halfoctave bands, for the Start, Adjust 1, and Adjust 2 conditions. Data for the 13 hearing aid users and 13 nonusers are shown in Figures 3A, B , respectively. Shaded areas show group means (±2 SEs) for the NAL-NL2 half-octave prescriptions for a conversational speech input level of 65 dB SPL. For the hearing aid users, performance with existing hearing aids is shown in Figure 3A by the heavy solid line.
RESULTS
Output Responses
Inspection of Figure 3 suggests that the mean selected outputs for both groups were higher after the first adjustment than the starting values. After taking the speech perception test, the hearing aid users appeared to make further increases of output, but the nonusers did not. For the hearing aid users, the output of their own aids was below the second self-adjustment at Fig. 3 . Group-mean half-octave levels for the generic starting condition, two self-adjustments and the NAL-NL2 prescribed output for the experienced aids users (A) and nonusers (B). Real ear-aided responses of the users' own aid are shown as a thick solid line (A). NAL-NL2 indicates NAL second nonlinear threshold-based prescription.
frequencies above 500 Hz. It was also below the NAL prescription at frequencies above 1500 Hz.
To address interdependencies among frequencies, analysis of variance was restricted to outputs at only three frequencies: 345, 707, and 2828 Hz. These were representative of low, mid, and high frequencies and reflected the three user adjustments of Fullness, Volume, and Crispness. Because there were no aided data for the nonusers, separate planned analyses were carried out for the two groups.
Hearing Aid Users Table 1 shows, for hearing aid users, repeated-measures analysis of variance in the output data using listening condition (Aid, Start, Adjust1, Adjust 2, and NAL) and frequency as within-subject factors. In addition to significant main effects of condition and frequency, there was a significant interaction between the two. Post hoc analysis of the interaction indicated that for all three frequencies, there was a significant increase from the Start to Adjust 1. On average, the experienced hearing aid users made further significant increases at Adjust 2 to both the low and high frequencies (354 Hz, 2828 Hz; p = 0.003), but not to the mid frequency (707 Hz).
The mean outputs of users' own hearing aids were significantly lower than Adjust 1 at 707 and 2828 Hz and significantly above at 707 Hz. At Adjust 2, hearing aid users increased output further so that the output at 354 was similar to that of their own aids (p = 0.50). In other words, the second adjustment appeared to bring the low-frequency output to a level with which the hearing aid users were familiar.
Relative to the NAL-NL2 prescription, Adjust 1 was significantly lower at 354 and 2828 Hz and significantly higher at 707 Hz. The high-frequency output at Adjust 2, however, was within 0.1 dB of the NAL prescription (p = 0.95).
These data support the conclusion that, after taking the speech perception test (though not necessarily because of it), the hearing aid users increased high-frequency boost and overall level, perhaps to improve intelligibility. They also support the conclusion that their initial self-adjustment could have been influenced by the familiar characteristics of their existing hearing aids. Table 2 shows, for nonusers, repeated-measures analysis of variance in the output data using listening condition (Start, Adjust1, Adjust 2, and NAL) at four levels and frequency as within-subject factors at the same three levels. As with the hearing aid users, there was a significant interaction between condition and frequency.
Nonusers
Post hoc analysis indicated a significant increase from Start to Adjust 1 at all three frequencies (p < 0.03). Nonusers did not make further significant increases at any frequency at Adjust 2. The mean of the three outputs at Adjust 2 was significantly higher than the NAL-NL2 prescription at 707 Hz and significantly below the prescription at 354 and 2828 Hz. Unlike the hearing aid users, the nonusers gave no evidence of a change of output at any frequency after taking the speech perception test. Moreover, the final value of output at 2828 Hz remained significantly below the NAL prescription.
Overall Output Level
The ½-octave levels were summed logarithmically to provide individual estimates of overall root mean square (RMS) level under the various conditions. Group means are shown in Table 3 and illustrated in Figure 4 .
For the hearing aid users, a repeated-measures ANOVA, with Greenhouse-Geiser corrections for nonsphericity, indicated a significant main effect of condition [F(3.0, 35.4) = 5.8; p = 0.003]. Newman-Keuls post hoc testing indicated that the mean starting level was not significantly different from Adjust 1. Adjust 2, however, was significantly higher than both the starting level and the level of the users' own aid.
In repeated-measures ANOVA in the data for the nonusers, the main effect of condition was also significant [F(2.1, 24.8) = 6.1; p = 0.007]. In post hoc testing (Newman-Keuls), the starting condition was significantly below the others (p < 0.005), but the differences among Adjust 1, Adjust 2, and NAL failed to reach the 0.05 level of significance. In other words, the initial self-adjustment of the nonusers brought overall level to a value that was not significantly different from the NAL prescription, and there was no evidence that they changed level after taking the speech perception test.
Audibility
The overall RMS output data give equal power weighting across frequency. Speech intelligibility, however, is heavily dependent on frequencies from 1 to 4 kHz. Figure 5 shows group-mean SII contributions, as a function of frequency, for the two groups and the four conditions of interest. Aided data for the hearing aid users are also shown in Figure 5A . To obtain these values, 15 dB was added to the sensation level in each band and the sum was divided by 30, with lower and upper limits of 0 and 1, respectively. The results were then multiplied by the frequency-importance function and expressed as a percentage contribution. For hearing aid users, the mean contribution to self-adjusted SII was not significantly different from the NAL prescription at frequencies above 500 Hz. For nonusers, however, the mean contribution to self-adjusted SII fell below the NAL prescription at 2828 and 4000 Hz.
Estimates of frequency-specific contributions to SII were summed to provide a single value for each participant under each listening condition. Means and SEs are shown for the two groups in Figure 6 . As with the output data, separate ANOVAs were carried out for the two groups. Both showed significant effects of condition (p = 0.007 and 0.002 for the hearing aid users and nonusers, respectively).
In post hoc analysis of the hearing aid users' data, differences among own aid, Start, and Adjust 1 failed to reach the 5% level of significance. Adjust 2, however, was significantly higher than Start and not significantly different from the NAL prescription. In post hoc analysis of the nonusers' data, there was a significant difference from Start to Adjust 1 (p = 0.007) but no evidence of differences among Adjust 1, Adjust 2, or NAL.
In summary, the final self-adjustments brought both groups to mean SII values that were not significantly different from the threshold-based prescription. Mean SII for the nonusers was already well above the starting value after the first adjustment and did not change after taking the speech perception test. Mean SII for the hearing aid users, however, was not significantly higher than the starting value until after taking the speech perception test. These conclusions are in keeping with those based on overall RMS level.
Word Recognition
The sentence-level speech perception test chosen for this study was not sensitive to differences between groups and conditions. Many participants scored at or close to 100%, and even with arcsine transformation, there was no evidence of a significant improvement between the first and second selfadjustments. As expected, however, there was a significant relationship between word recognition and SII. This relationship is illustrated in Figure 7 , using data obtained after the second and final self-adjustment. Different symbols are used for hearing aid users and nonusers. The curve shows a leastsquares fit of all the data to an exponential growth function with an asymptote at 100%. It will be seen that an SII of 60% predicts a group-mean word recognition score in excess of 95% for these materials and the population represented by this participant sample. This criterion was used to examine individual differences.
Individual Differences
In the foregoing analyses, individual differences are either relegated to error variance in the group comparisons or are minimized in repeated measures. Figure 8 , however, shows individual values of starting and self-adjusted SIIs in relation to the NAL-NL2 prescriptions. Also shown are the number of participants whose SII fell at or above the criterion of 60% referred to above. Data for the hearing aid users and nonusers are shown on the left and right, respectively.
Seventeen of the 26 participants (65%) attained an SII of 60% or higher under the starting condition. This proportion increased to 23 out of 26 (88%) after the second self-adjustment. The change reached the 0.05 level of significance [χ 2 (1) = 3.9; p = 0.046], but there was no evidence that the proportions were different for the hearing aid users and the nonusers.
For the hearing aid users, the proportion meeting the 60% criterion with their existing hearing aids was 8 out of 13 (62%). This proportion barely changed after the first self-adjustment but rose to 12 out of 13 (92%) aids were within the target value. The 3 participants whose hearing aid response did not meet the ±5 dB RMS criterion had more severe hearing losses. There was a strong correlation between the hearing aid SII and the average high-frequency hearing loss (1, 2, and 4 kHz) (r = −0.80; p = 0.001).
Details regarding listeners' hearing aids were available for 11 of the 13 participants. This information can be found in the Table (Supplemental Digital Content 2, http://links.lww.com/ EANDH/A460). All participants were fit at a clinic that uses best practices, including verification and adjustment to targets using real ear measures. As part of the fitting protocol, postfitting adjustments are often made to accommodate patient comfort, which could include a reduction in gain and/or maximum output. Detailed clinical information regarding postfitting adjustments, however, was not available.
It will be noted that the NAL-NL2-prescribed SII exceeded the 60% criterion for all but one of the 26 participants. The exception was an hearing aid user with a precipitous high-frequency hearing loss reaching 80 dB at 2 kHz and no measurable hearing at 4 and 8 kHz. The number of participants who exceeded the 60% criterion for the NAL-NL2 prescription (25/26) was not significantly different from the number of participants who exceeded the 60% criterion for the second adjustment (23/26) (p = 0.61; Fisher exact test).
Of particular note are the regression functions relating attained SII to prescribed SII. After the second self-adjustment, the function is close to the diagonal for both participant groups. For the aid users using their existing hearing aids, however, the function is as much as 20% points below the diagonal. These data support the conclusion that the hearing aid users were used to listening with less than optimal audibility but, when given the opportunity, were willing and able to increase it.
DISCUSSION
The first research question addressed self-adjusted change from a generic starting condition. With the generic starting condition used here, 65% of participants attained an SII of 60% of more. This finding suggests that suitably designed direct-toconsumer hearing aids and other amplification products could provide adequate, though not necessarily ideal, benefit for a substantial proportion of the population of potential users, even without self-adjustment. With self-adjustment, however, groupmean outputs and SII increased significantly and 23 participants (88%) arrived at SII levels of 60% or more, a level consistent with at least 95% recognition of the words in the sentences used here. These findings coupled with the previous findings that a single self-adjustment can be completed in less than 2 min (Boothroyd & Mackersie 2017 ) augur well for the success of user self-adjustment of direct-to-consumer hearing aids. Application of self-adjustment procedures such as that used here need not, however, be restricted to direct purchase. Enabling user exploration and control of amplification parameters under varied input conditions, both in a controlled clinical environment and in the real world, could help improve both evaluation and fitting outcome within audiologic practice.
Demonstration of the viability of self-adjustment of amplification is not new. Included in previous studies was the basic process used here-that is, providing listeners with control of volume, treble, and bass (e.g., Dreschler et al. 2008 ). But instantiation of this approach in the Goldilocks software added two features that were designed to increase effectiveness. The first was the initial presentation of the three adjustment parameters in isolation-intended to speed learning. The second was the inclusion of a speech perception test-intended to increase attention to intelligibility. Further work will seek to determine whether either of these features actually influence the outcome of user self-adjustment. Exploration of self-adjustment will also be extended to other hearing aid parameters such as amplitude compression and noise management.
The second research question addressed the relationship between self-adjusted output and an NAL-NL2 prescription. The spectral shapes for the starting and self-adjusted conditions were different from prescription (Fig. 3) . Participant adjustments, however, were constrained by the need to map three self-adjustment parameters onto outputs in five frequency bands. In the mapping chosen for this study, the high-frequency changes controlled only the spectral slope above 1000 Hz. Changes in this mapping could match prescriptions more closely. In spite of the differences of spectral shape, however, the mean self-adjusted SIIs were not significantly different from prescription. Note also that there was no significant difference between the number of participants who met the 60% SII criterion with the second adjustment and that prescribed by NAL-NL2. These findings suggest that self-adjusted outputs starting from a generic response could be similar to self-adjusted output starting from a prescription-based response. Further work is needed, however, to directly test the outcomes of self-adjustments using different starting responses.
The third research question dealt with the influence of hearing aid experience. In terms of the final self-adjustment, the resulting mean SIIs for the two groups were virtually identical. As a group, however, the hearing aid users made small but significant increases of output and high-frequency slope after taking the speech perception test. The nonusers did not. It is possible that, at the first adjustment, the hearing aid users tended to match output to that provided by their own hearing aids which was, in fact, below prescription (Figs. 3-6) . It is also possible that the experience of the hearing aid users with the speech perception test encouraged them to explore higher outputs. An alternative explanation is that repetition of the self-adjustment procedure led to the selection of a more appropriate output. We are currently examining these factors more closely using a group design to examine the effects of practice (control) versus exposure to the speech perception test on self-adjusted output.
The fifth research question dealt with results of self-adjustment in relationship to existing hearing aids. As already indicated, the mean real ear output of existing hearing aids was significantly below the final self-adjustment. It was also significantly below the NAL prescription even though all participants were fit using best practices, including real ear verification and fine tuning. The strong negative correlation between the SII for users' own aids and the high-frequency thresholds supports the suggestion that the severity of the high-frequency loss was a limiting factor in reaching targets with their own aids.
The fine tuning involved in the typical hearing aid fitting process is based on the user's experience in real-world environments, often with suboptimal listening conditions. A preference for hearing aid settings that provide less than optimal intelligibility under ideal listening conditions might well be influenced by comfort, sound quality, and noise tolerance. In contrast, the present study involved a single male talker producing clear speech at a constant level in quiet. The willingness of the hearing aid users to accept higher outputs under these more ideal, and more predictable, conditions is understandable. Future studies of self-adjustment will include noise and a variety of speech inputs encompassing the range from self-generated speech to quiet conversation.
The similarity of group-mean hearing thresholds for listeners with and without hearing aid experience was surprising. One can only assume that the nonusers had adopted coping strategies they had so far found acceptable. The fact that 12 of the 13 volunteered for this study in response to newspaper advertisements, however, indicates awareness of hearing difficulties and suggests readiness to consider action or, at least, obtain more information. In fact, several of the nonusers acquired hearing aids after participating in this study. In informal discussion, the reasons against acquiring hearing aids earlier included lack of knowledge about the mechanisms and resources available and concern about being pressured into purchasing expensive devices whose potential benefits were uncertain. How representative this sample is of the population of individuals who might acquire direct-to-consumer hearing aids is uncertain.
CONCLUSIONS
Although there are many questions unanswered, the results of this study provide evidence in support of the following conclusions:
1. User self-adjustment of hearing aid characteristics is feasible for a significant proportion of the population of persons with hearing loss who could benefit from amplification. 2. The results of self-adjustment, in terms of output level and spectrum, can approach those of a widely used threshold-based prescription. 3. Previous experience with hearing aids is not necessary for successful self-adjustment.
